Peak flows are the most important flood parameter which relatively reflects the highest level and potential destructive power of a flood. Understanding peak flow changes can effectively capture a flood characteristic and is essential for developing flood control strategies. This study aims to reveal how regional peak flows evolved in recent decades, mainly from a non-linear perspective. The Beijiang River Basin (BRB) was chosen for the analysis, and hydrological data from four hydrologic stations were used. Methods including ensemble empirical mode decomposition and rescaled range analysis were applied to advance the research. Results indicate a non-significant uptrend and a multiple periodicity of peak flows in BRB. However, short periods were more distinct than long ones.
INTRODUCTION
Many of the studies referenced above focus on peak flow trends and influential factors, rather than periodicities and fractal properties of annual peak flows. A thorough understanding of the periodicity of peak flows can provide a reference for regional flood prediction and help to further explore the influential factors, whilst studying the fractal properties of peak flows can provide a reference for relevant researches of peak flows from a non-linear perspective. In addition, it is particularly necessary for small regions with prosperous economies and large populations, where increased flood peak flows are expected to threaten local residents (Kuzuha et al. ) . However, up to now few studies have focused on changes in peak flows in the Beijiang River Basin (BRB), a prosperous area in South China where major floods often occur in the rainy season (Zhang et al. ; Wang et al. , ) .
Taking BRB as a study case, the main objectives of this study are to: (1) detect whether basin-scale peak flows showed significant trends in recent decades; (2) reveal how basin-scale peak flows evolved from a non-linear perspective; (3) discuss whether climate change and human activity have impacts on regional peak flow changes and, if so, how. The study would be useful for local regulators to manage and can provide a reference for relevant researches on periodicity and future trends of peak flows across other regions.
The paper is organized as follows. The study area and data sources are described first; methodologies such as Ensemble Empirical Mode Decomposition (EEMD) and R/S are presented next; and results are listed afterwards.
Finally, the discussion and conclusion sections are presented.
STUDY AREA AND DATA SOURCES Study area
The BRB, which includes economically developed cities such as Guangzhou, Zhuhai and Foshan located in the downstream, is one of the three major drainages of the Pearl River Basin, South China (Figure 1 ). The basin is one of the most prosperous areas in China (Zhou et al. ) . It has 13 tributaries and its watershed area is more than 1,000 km 
Data sources
The Hydrology Bureau of Guangdong Province (HBGP) collected the flow data used in the study from four hydrological stations located in the main stream of Beijiang River ( Figure 1 and Table 1 ). The quality of the flow data is strictly controlled by HBGP, which is officially responsible for the regional hydrological data. For each station, the annual peak flow series was obtained using the annual maximum value method (Mitosek et al. ) . Therefore, there is only one maximum instant peak flow for each year for each station.
For investigating the possible climatic causes of changes in the annual peak flows in BRB, this study considers five 
METHODOLOGY Linear regression
Linear regression analysis is one of the most concise methods for detecting trends in a time series. Its main objective is to detect shifts in time series and to describe potential generating processes underlying a given sequence of observations (Nyeko-Ogiramoi et al. ). The linear regression period 1970-2007 1964-2007 1955-2007 1954-2007 Control area (km 2 ) 880 3,567 6,976 38,363
Measurement
Figure 1 | Study region and the four hydrological stations chosen for the study.
equation is described as:
where X is the independent variable, Y is the dependent variable, a is the regression coefficient that reflects the rate of changes of the time series, and b is the regression constant. In this study, the parametric t-test was employed and the P values for the t-test were computed to identify whether the trends in the peak flow series are statistically significant (Yue & Pilon ) .
Multiple linear regression
Relationships between the peak flows in BRB and some climatic predictors are assessed using the multiple linear regression (MLR). The MLR is an approach which fits a multivariate linear function between a response variable and a set of predictors (Jencso & McGlynn ) . The multivariate linear function is given as:
where Y is the response variable and X 1 , X 2 ,…, X n are the predictors, and β 1 , β 2 , … , β n are the coefficients corresponding to each of the predictors. β 0 is a constant. For a predictor, X i , the contribution of X i to Y is determined by the following equation:
Mann-Kendall analysis Define a rank statistic S k , such that:
where n is the data set record length, r i is given by:
where x i and x j are data values at times i and j, then define a statistic UF k which is computed by:
where E s k ð Þ and Var s k ð Þ are the mean value and variance of S k , respectively.
Then define another statistic UB k . Similarly, the values of UB k are computed backward, starting from the end of the time series.
By drawing the UF k and UB k curves on the same graph, the point of abrupt change in the series can be identified. If the UF k and UB k curves intersect, and then diverge, acquiring a specific threshold value of 1.96 at a 0.05 significance level, there is a statistically significant trend. The point where they intersect shows the approximate year at which the abrupt change occurred.
Ensemble empirical mode decomposition
This specific method is derived from the method, Empirical
Mode Decomposition (EMD). Before looking at the EEMD, a brief description of the original EMD is proposed. 1. Identify all local extrema over the entire time period of the signal, x(t).
2. Create an envelope of the local maxima, e up (t), and minima, e low (t).
3. Calculate the mean of the upper and lower envelopes, i.e.
4. Subtract m 1 (t) from the signal, i.e.
5. Check whether d 1 (t) satisfies the following criteria of an IMF:
• the number of zeros and extrema are equal or differ by no more than 1;
• the sum of the envelopes of maxima and of minima of an IMF is zero.
If d 1 (t) does not satisfy the criteria of an IMF, set d 1 (t) to x(t), then repeat steps (1)-(5) until d 1 (t) satisfies the criteria.
The first signal to satisfy the criteria is termed as the first IMF, h 1 (t).
1. Compute the residual, i.e.
2. Reiterate steps (1)- (6) 1. Add a white noise series to the targeted data.
2. Decompose the data with added white noise series into IMFs.
3. Repeat steps (1) and (2), but with different white noise series each time.
4. Calculate the means of corresponding IMFs of the decompositions as the final results.
The added white noise series would cancel each other in the final mean of the corresponding IMFs. The mean IMFs stay within the natural dyadic filter windows, and therefore reduce significantly the chance of mode mixing and preserve the dyadic property. In this study, the ratio between the standard deviation of the white noise series and that of the targeted data is 0.2, whilst the repeat times of steps (1) and (2) is 20.
Rescaled range analysis
The R/S is used to estimate the fractal properties of a time series. The main idea of the R/S is that one looks at the scaling behavior of the rescaled cumulative derivations either from the mean or from the distance the system travels as a function of time (Karakasidis & Liakopoulos ).
For a time series, ξ(t), over a period of time, τ, the range of the accumulated deviation, R(τ), is given as:
where X(t, τ) is the accumulated deviation from the mean value of the time series.
To normalize the range relative to the input fluctuations in the series, a standard deviation denoted as S(τ) is used, calculated by the following equation:
where < ξ> τ is the mean value of ξ(t).
In the case of a fractional Brownian motion in the limit of large τ, the equation:
with 0 H 1, is used.
Equation (7) 
Abrupt changes
The M-K method was applied to identify abrupt changes in annual peak flows in BRB. As described in Figure 3 , the UF k and UF B curves for the four series intersect at more than one time point, though none of the UF k curves the abrupt changes of the annual peak flows in BRB were non-significant for their own measurement periods.
Stationary characteristics and periodicities
Although the trends and abrupt changes in peak flows at the four stations were non-significant, the stationarity characteristics should be further examined. We used the Augmented Dickey-Fuller (ADF) unit root test to analyze the stationarities of peak flow series for the four stations. The ADF method is a classic method which can examine the stationarity of a time series (Zhao & Chen ) . (Table 3) .
These results on the one hand can explain the nonstationarity of peak flows in BRB, and on the other hand infer a possible influence of the Feilaixia reservoir operation on the changing property of peak flows at the Shijiao station.
Subsequently, we analyzed the periodicities of annual peak flows at the four stations in BRB using EEMD. By computing the power spectra of IMF4 and 5, however, we could not find any significant periods. In conclusion, the overall IMFs show short, medium and long periodicities of the annual peak flow series at the Shijiao station.
The periodicities of the other three series of the remaining stations are listed in Table 4 based on their own IMFs and Res., and their power spectra. Concisely, the series from the Fenshi station had 3.2, 4.2 and 7-year periodicities, while that of the Pingshi station had 2.2 and 4.2-year periodicities. In addition, the Lishi station series had 2.2, 4 and >6-year periodicities. Specifically, we found that, by comparison, the peak flow series at the Pingshi station was mainly dominated by short periods, while that at the Fenshi station was dominated by short and medium periods. For the Fenshi and Pingshi stations, not only short and medium periods were remarkable in the peak flow series, but also long periods.
Fractal property analysis
The R/S method has the advantage of determining whether there is a long-term correlation in a time series (Hurst ).
An existing long-term correlation provides information on future trends in the series. If a time series is detected as persistent behavior, it indicates the future trend of the series will tend to follow that of the past, whereas anti-persistent behavior indicates the opposite trend. If a series is detected as pure random behavior, it is difficult to identify its future trends since there is little correlation between past and future trends (Karakasidis & Liakopoulos ) . Results of the R/S are presented in Figure 6 and Table 5 . The calculated
Hurst exponents indicate that the Fenshi, Pingshi and Lishi series exhibited preferably correlated behaviors. Thus, future trends of the annual peak flows in the Fenshi, Pingshi and Lishi stations may follow those of the past. Note that the H value of the Shijiao station data is 0.503, which is very close to 0.5, demonstrating a nearly pure random walk characteristic of the series. Thus, it is unsure whether the future trend 
DISCUSSION Reviews and implications
The 
Possible climatic and anthropogenic causes
In the current study, distinct differences between the variabilities of annual peak flows at the four stations are observed. Specifically, from the Fenshi to the Shijiao station, both the coefficients of deviation (Table 2 ) and long-term correlation (Table 5) The overall analyses reveal possible impacts of climatic and anthropogenic factors on annual peak flows in BRB.
Nevertheless, the underlying mechanisms of the causes are far more complex, and a further study on this issue should be conducted to substantiate the MLR results.
CONCLUSIONS
This study applied several methods including EEMD and R/S to examining the trends, abrupt changes, periodicities and fractal properties of annual peak flows in BRB, based on the hydrological data from four hydrological stations.
In addition, the climatic and anthropogenic causes of peak flow changes were also explored. Below summarizes what can be inferred from this research:
• For the past decades annual peak flows have increased but the uptrend was non-significant in the study region, which suggests a potential increase in regional flood risk. Meanwhile, no abrupt change occurred in peak flow series.
• From a non-linear perspective, peak flows displayed a multi-periodic nature, in which both short and long periods were seen but the short ones were more distinct.
Moreover, the fractal property analysis reveals that peak flows may continue to increase in the future, causing a higher flood risk than the past. Therefore, flood protection might need to be upgraded to avoid unacceptable losses.
• Peak flow variability in BRB may be attributed to both local reservoir operations and the changing SASM. A strengthened/weakened SASM possibly causes an increase/decrease in peak flows, while a local reservoir might alter the stationary characteristics of peak flows.
These findings would be useful for flood prediction and defenses in the study region. More importantly, the research can provide a reference for other regions regarding periodicity and future trend of peak flows, as well as the impacts of human activities and changes in climate.
